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SUMMARY

Experimentai data reported in the literature on hydrogen reactions with (or corrosion
of) graphite materials have been analyzed in on attempt to 1) better uncderstond the mechanisms
cf the reactions invoived, and 2) develop rate equations and reaction velocity constants for

engineering ana'lysis.

The thermodynamics of the system carbon-hydrogen was first studied ond lead to the
conclusion that in the range of temperatures and pressures of concem in the NERVA reactor,
both methane and acetylerie reactions must be taken into account. At temperatures below
approximctely 3800°R, rhe primary reaction is methone formation. However, a! temperatures
greater than approximately 3800°R, acetylene formation predominates.

It was postulated that the rote equations for the met e and acetylene reoctions are
first order with respect to hydrogen. On this basis, reaction velocity constants were col-

culated from corrosion data obtained for the following materials and experimental conditions:

Materiais: AUC, H4LM, SPK, ATJ, lDz - Fueled and unfueled, ond
other unspecified graphites.

Temperature: 1800 to 6459°%

Pressure: . 0016 to 1100 psia

Moass Flowrate: .07 10 .80 It/ inz-sec

The results, presented on an Arhenius plot. showed excellent correlations. The following

important facts were observed:
1) The activatior energies for both fueled and unfueled graphites are the sume.

2) There is no significant difference in reaction velocity constants for the

unfueled grophite materials,
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K] The apparent reaction velocity constonts for fueled graphites are higher thon
those for the unfueled; the constants increosing with increosed fue! loodings.

4) The activation energy fo: the ocetylene reaction is higher ihan that for the

methone «eactions.

5) The corrosion rate of pyrogrophite is unique. Below 4000°R, the reaction
velocity constonts were significontly lower thon those for normal graphite.
But, above 4000°R, they were the same,

The higher corrasion rates observed ‘or fueled graphite was attributed to erosion effects
resulting from the physical removal of non-reacting fuel beads which contributes to the averall
weight loss or surtace regression of the materici. An empirical equotion was progosed ro

« >count for erosion as a functior. of the fuel loading and mass velocity.

The higher activation energy observed for the acetyliene reoction suggests that if
reoctors were to be operated at temperatures higher than those presently designed, acetylene

formation will be potentially the more serious of the two corrosion reactions.

As independent checks on the validity of the rate equations and the reaction velocity
correlations developed, nydrogen corrosion of graphite reactor components were analyzed.

The experimental data available are the following:
1) Isothermal corrosion of unfueled, uncoated, 19-hole elements.

2) Center hex corrosion from a single-ciuster corrosion test carried out in the

A-10 fumcce.
3) Fifty-six (56) inch long AUC grophite annulus (. 010-inch gap).

4) Uncoated coolant chonnels in o UC,-fueled, 19-hole element, tested
in the A-2 fumace.

The results showed excellent agreements in general Letween calculated and observed

local coirosion dat_ and between calculated and observed overall weight losses. The small
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deviations observed con be attributed to the fact that erosion effects on unfuel=d graphites
were neglected,

Possible mechanisms of the corrosion reactions were discussed, and rate equations
were derived on the basis of a surface reaction mechanism. The theoretical equations were
shown to be consistent with the empirically developed phenomenclogical equations. Rates
of diffusion were colculated and compared with the apparent reaction rates. The results
showed that the rates of diffusion were significantly greater, thus providing further evidence

on the validity of the surface reaction mechanisms.

The recommended reaction velocity constants for the methane and acetylene reactions

are:

k] = 8. 975 exp (- 48,900/RT) in/sec (methane)

k2 = 574 exp (- 88,000/RT) in/sec (acetylene)

where
R=1.9872,and T is in °R.

On the basis of the excellent correlations obtained on data taken from a variety of
graphite materials and flow geometries, it is felt that the reaction velocity constants re-

commended con be used with confidence in the analysis and design of NERVA reactors.

The effects of radiation and heat of reaction on the rote of corrosion were briefly

discussed ond areas where further experimental studies are required were suggested,

The application of corrosion measurements to high temperature determinations were

illustroted,and a simple equation for the calculation of maximum local corrosion rates was

given,
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INTRODUCTION

Recent KIWI B-4D, B-4E and NRX-A2 tests have clearly shown that hydrogen
cormsion of unprotected graphite is a serious problem in those reactors. Since succeeding
NERVA reactors ond other advanced reactors are expected to be tested or operated for
longer periods and higher temperatures than those of the past, the prevention of corrosion in
NERVA reactors is of critical concem. It was recognized that systematic analysis and pre-
diction of hydrogen corrosion of reactor compcnents are required in order to improve reuctor
design and to correctly interpret component and reacter test data.  Such analyses, however,
require as a prerequisite a knowleige of the kiretics of the chemical reactions ivolved.
Altho':gh ¢ lirge number of experimental studies have been carried out on various hydrogen=
grophite systems, the results have shown large «:'sciepancies and an apporent leck cf correlation
among all the dola. Tri. has been genemlly ¢ “iibuted to the complexitv of the systems involved,
differences in :liysical rne. ieinical properties cmong ine different materials, etc. In additi. n,
the data presented cainct be uced direct':- ur engineering amalysis. Consequently, all the

availabl2 data on hydiogen-graphite sysems uic cnnlyzed in this report in an atrempt to

1 better understand the mechanisms of cormosion,

2) develop general rate equations,

3) develop general correlations for reaction velocity constants, and

4) demonstrate their validity and their use by the analysis ond caiculation of

hydrogen corrosion of yraphite reactor components and compuring them with

experimental results.

In a flow system (such as those of concem in the NERVA reactor), a simple moterial

balance on carbon in the bulk gaseous stream vields ot steady~state, the equation

S dZ=d(y_N) M
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where $ r. is the sum of the local rotes of hydroccrbor formations, Ve is the mole froction

carbon in the gos, and N is the tctai gaseous molar flowrate ct ar.y location €.

The locel rete of corrcsicn con be determined from a corbon baiance on the grophite

wall

dr _
av = o [ Senrer) @

where r is the corrosion in units ¢f length, q, a., and b are constants, cnd To is ‘ne rate
of erocion. But the local rates of hydrccarbon formation are, in general, functions of the
local temperature, pressure, and reactant and product concentrations, while the determin-
atinn of the local recctant and product concentrations requires a knowledge of the local
flowrate anc’ upstream conditions. The rate of erosion, (ot is expected to be a function of
the fluid v, 'ocity, surface condition, etc. Consequently, in analysis of hydrogen~ corrosion

of grophite in a nuclear reactor and reactor components requires
N basic rate equations and their rela*iorships to the variables mentioned above,

2) an integration of the f'ow-reaction Equaticn (1) with known temperature,
pressu 2, and flow distributicns to detc:mine me 1wl :2nctant and product

concertrations, ond
J) calculation of the local corrosion rates from Equation (2).
The detemination of the basic rate equations requires in tum a knowledge of
1) the chemical recciions taking place, and
2) the mechanism(s) of the reactions.

As a first step towards the development of rate equations, the themmodynamics of the hydrogen-

carbon system shall be examined.

#
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THERMODYNAMICS OF THE Hz-C SYSTEM

in the ronge of tempe:a ures ond pressures of concem in the reactor, the primary
reoction products are methone, acetylene, ethylene, and ethane. As a comparison cf the
relative stobiiity of these hydracorbons, the logarithm of the eouilibrium constonts (in terms
of port:al pressures) are piotred versus the reciprocal of the obsolute tempe-ature as shown
in Figure 1. It is evide:t from this figure that methane and ethane become increasingly
unstable at higher temperatures, whereas the opposite is true of acetylene and ethylene.
However, since the equilibrium constants of methone are significantly higher than those of
the other hydrocarbons at low temperatures, while those of acetylene are significantly higher
than those of oll other products at high temperatures, the formation of only these two are of
primary concern in the ~eactor. For a further comparison on the relative importance of methane
ond ccetylene, the ratio of the eg."!"brium mole fractiors of methane to acetylene are plotted

versus the temperature at constant pressures as shown in Figure 2.

It is evident from this plot that ot low pressures, acetylene becomes important ot
relatively low temperatures, while at higher pressures, the appearance of acetylene does not

bec. - significont until higher temperatures are attained.

PREVICUS ‘WORK AND EXPERIMENTAL DATA

Figure 3 presents the sources of experimental data on various types of graphite and
the ranges of experimental conditions studiea. Note that among the data ovailable, only
those of Hedden! Landohl,s and Londahlé were ccrried out over appreciable ranges of pressure
(130-110G psia). From themodynam-c considerations, it can be shown that the doto in
Reference 1 were carried out under conditions that produced primcrily the methane reaction
whereas for the conditions studied by Gulbronson2 acetylene production is expected to be
dominant. Finally, the wide pressure range covered by the data in Reference 6 suggests
that both methane and acetylene reactions can be expected. Since the order of the rotes

of reactions is determined from the pressure dependency and the exponent of the

Atomic Energy Act - 1954
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pressure, the data from References 1 and 5 were used primerily for the determination of
the "order” of the methone and acetylene reactians. The dota from Reference 6 were used
as independent checks.

Note that the data from Rogers and Sescmske,4 Lono'ehl,s Lowrie, 8 and Landohl 10

were obtoined over a wide range of temperatures (2550 to 6450¢R) aond with a wide
variety of graphitic materials. Consequently, these were used to obtain correlations for

the reaction velocity constonts. *

Gulbranson et. al. 2 carried out their study in an clumino tube. Complicating
side reactiorns, producing O2 , CO, and CO2 were found to occur. Since the reaction
rates were determined from graphite weight losses, the weight loss due to hydrocarbon
formation could rot be separated from those due to the side reactiors. In view of these
facts, the results from this work were not used in the analysis to foilow. The data on
SPK gmphite8 were taken at extremely low pressures (1.2 to 4.1 Torr). Although the data
were very limited, they were reported in such @ manner that absolute reaction veloci.y
constants can be calculated.

The remaining sets of data obtained from component tests (uncoated fuel elements,
uncoated, fueled coolan: channels, and graphiie annulus) will be used as independent

checks on the rate equations to be developed and on the reaction velocity correlations.

* The reaction velocity constant is a function of the temperature only.

EBONFIOENTIAL -
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DEVELOPMENT OF RATE EQUATIONS

The general mechanisms of heterogeneous gas-solid reactions are well known. These

involve the following successive steps:
1) diffusion of hydrogen from the bulk streom to the fluid=solid interface,
2) diffusion of hydrogen through the pores,
3) adsorption of hydrogen on the solid surface,
4) surface reaction,
5) desorption of reaction product(s),
6) diffusion out of the pores, and
7 diffusion of reaction products from the gas=solid interface to the bulk si.eam.

If any one of the above steps is significantly slower than the others, then it is the rate-
controlling step. The general procedure for the detemination of a rate equation is to

1) postulate a mechanism or mechanisms, 2) derive the rate equation, and 3) compare with
the experimental data. Hence, the development of a rote equation for any particular
reaction involves a trial and error procedure.

In their studies on the hydrogen-graphite or hydrogen-corbon systems, Zielke and
Gorin,3 Hedder\,l and Rcgers and Sesonske4 have postulated chemisorption c. surface
reaction rate controlling mechanisms. Both Hedden and Rogers and Sesonske have pointed
out the complexity of the hydrogen-graphite system and the fact that inumerable rate equations
con be derived on the basis of Step 4 alone! But the validity of the rate equation(s) must be
corroborated by the experimental data.

In view of these facts and the often hopeless task of determining the cctual rat. -
contra!ling mechanism(s), it is commen practice to determine empirically the "order™ of the

reaction. &y this approach, a phenomenolagical rate equation con be obtained.
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Methane Formation

On this basis, Hedden] showed conclusively that the rate of methane formation
is first order with respect to hydrogen. However, from dato taken over a very limited
pressure range, Rogers and Sesonske4 concluded that the rate of corrosion of graphite
is of zero order with respect to hydrogen. Rogers and Sesonske did not measure
hydrocarbon concentrations, but based their rate equation entirely on the methane
reaction. It can be readily seen from Figure 2 that at the temperatures and pressures
investigated by Rogers and Sesonske, acetylene formation cannot be nealected. This
may explain the apparent zero order rate equation determined by Rogers ar.d Sesonske

for methane formotion.

Hedden showed that the fir:t order rate equatior is compatible with the rote
equation derived by Zielke ond Gorin,3 who studied the hydrogenation of chars.
Hedden obtained his kinetic dota from o packed bed of graphite particies. |t was
postulated that the rate of methane formation is proportional to the mass of the
grophite present. But, such a rate equation cannot be applied to systems other than
that studied. For a more general rate equation, it is postulated here thui 1.2 re

of methane formation is proportional to the gross extemncl surface area; whence,

d"CH4 CCH4
—_— =k -
ar R N <
Hy

whre kl is the forward reaction velocity constant in the methane reaction

k
1
C+2H, .:__—k—'* CH, 4)

1

cﬁhu:l f
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and K‘ is the equilibrium constant in terms of concentrations:
k Cen
K = ] = 4 (5)
1 "E;"" —C_T
Hy

equil.

Acetylene Formation

Although at the temperatures and pressures studied by Roge.; and Sesonske4
und Gulbronsen et ml,2 acetylene is expected to be an important reaction product,
this wos not taken into consideration by these investigators. In the absence of a
known rate equation, it shall first be postulated that the rate of acetylene fcmiation
is also first order with respect to hydrogen, then the rate equation will be tested

agoinst avoilable data. The general rate equation fc acetylene formation

k
2
2C + Hy, == Gy H, 6
~2
is
dnc H Ce H
' 2 2
where
k Ce H
K = 2 = 2_2 (8)
2 ‘k‘z‘ —C:—z
- equil.

10
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Testing The Rate Equations

For the foliowing conditions:
a) ideal gas behavior,

b) small gross-surface areas, i. e. small test samples or near the inlet

of a tubular chemical reactor, ond

c) the equilibrium constants are large compared to the mole fraction
reaction product,

It can be shown (os derived in Appendix 1) that Equations (3) and (7 reduce to the
<implified forms

dn
CI'I4 k]SP*

—ar TT_G B 9
and
d "C,H, k,SP
= = (10)
dt R TG

Neglecting the effects of erosion as a first approximation, the rate of graphite

corrosion (or surface regression) in mils per minute, r, can be given by *hs equation

*Note: The order of the rate equation is deternined by the expenent on the pressure.
By plotting the logarithm of the initi-.i rate versus the logarithm of the pressure,
Hedden obtained a unit slope, thus \erifying the validity of the first order
equation.
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_ 618°P _ 618 PK
r——T— (k]+2k2) =~ ()
G G
where

rTG .

K = k]"'2k2=3‘—8—? (1)

can be considered an overall, pseudo reaction velocity constant. From basic chemicol
principles, it is known that the reaction velocity constant is an exponential function

of the temperature, i. e., the Arhenius relationship:

Kk =y e AWK (13)

where y s a frequency foctor, and AH is the activation energy. Hence, if the rate
equations postulated are correct, a plot of 1n K versus +- should yield o continuous
curve, giving straight line comrelations in the limit of predominantly acetylene for-
mation at high temperatures and predominantly methane formation ot low temperatures.
To test this, vaiues of K were calculoted from data taken under conditions that
satisfy those listed above. The date, for unfueled graphite, were obtained from the

following sources:

1) Londohl5 - a) isothermal corrosion studies on small coupons of various
types of graphite, b) uncoated graphite support block, ¢) graphite

annulus, and

2) Rogers and Sesonske4 - data token near the inlet of a tubular grophite

reactor,

Atomic - 1954 12
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The data in V-0, 1-b and 2 were taken from small samgles or from near the
infet of o tubular reactor.  The data in 1-c were iaken under conditions that pro-
duced primarily methane and such that the equilibrium constoris were lorge compared
to the mole froctions acetylene. It s apparent that these conditicns conform to ihose

stipulated in the derivation of Bquaiicn (12).

The tesults are shown in Figure 4. it is clear from thiz Syure that aside from
the two low temperature data points for pyrographite, there is no appreciable scatter
among the cata. In the limit of low temperatures, it appears that the dato may be
fitted to a straight line with on activation energy of 48,900 BTU, ib-mole or 27, 2
keal/om-mole. The high temperature data were taken under conditions which pro-
duced primarily acetylene, acnd the data suggest that the ccetylene reaction has a
higher activation energy. The tentative straight-line Arheniws correlations for the
reaction velocity constants k] ond k2 are shown os dotted lines. The activation
energy for the acetylene reaction is calculated to be 88,000 BTU/lb-mole or 48, 9
kcal/gm-mole.

The data of Hedden] was not used in the above correlations becouse Hedden
carried out his study in a packed bed of graphite particles with an unknown surface
area. The packed bed wes relatively long so that the observed reaction rates in the
bed represent average values as the effect of conceniration changes cannot be
evaluated. Nevertheless, the relotive reaction rates at the wide range of pressures
studi~d do provide a volid correiation on the order of the reaction. While Hedden's
dato connot be used to determine meaningful reaction velocity constants, they can be
wed to check the reaction velocity correlation developed if the void volume of the
pocked bed, the flowrates and the surfoce areas ore known. However, the compu=
totions required are excessive. In view of the uncertainty of the surface areas and

the wid volumes, such calzulations are not justified. As it will be discussed in a

/
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later sestion, data from more simpi  flow systems such as straight tubular and annular

channels shall be used for independent checks on the corielation.

Rogers and Ses~nske's data on TS-34 graphite also could not be used becawse
the pressure le -l and the inlet methane concentrations are unknown. For example,
if the inlet gas is initially saturated with methane, then cerrosion would be due to
acetylene reactions only, and Equation (12) cannot be wsed to calculate the
apparent reaction velocity constants. This and another special case shall be discissed

in a subsequent section.

To test further the validity of the postuiated rate 2quations, and to ascertain
the activation energies, values of K were caicutated for corrosion data obtained
from uranium oxide-fueled graphites. The results are compared with *hose for un-
fueled graphite in Figure 5. It is evident from this comperison tha t, except for the
data at the lowest fuel loading, there appears to be a correlation between the
frequency factor and the amoun® ~f fuel loading; the same activation energy appeors
to hold for both fueled and non-fueled graphite. At 40C0°R o relatively abrupt
change in the slope as well as the frequency factor can be observed. This may be due to
the fact thot at this temperature, there is a change finin predominantly methane
formaticn to predominantly acetylene formaticn. It iu readily seen that the increased
slope at this point is in good agreement with the slope for k2 (acetylene reaction)

determined from unfueled graphite.

Further Verification of the Correlations

Note that the values of K plotted or Figures 4 and 5 were calculoted from
Equotion (12), which was derived on the assumptions that the equilibrium constants
are large compared to the mole fractions. These assumptions and the treatment of

data is generally valid for

15
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1) high temperatures (T 3800°R) ard cll pressures, and
2) low temperatures (T £ 3800°R) and high pressures.
A more general equation is the following:
y Y
A (“K—')*Z"z - 04
G i 2

te that K2, the equilibrium constant for acetylene increases rapidly with tem-
perature, so that it is generally always significantly greater that Yy But at low
temperatures (T < 3300°R) and low pressures values of K], the equilibrium constant
for methane in terms of mole froctions, becomes small and approaches Yy if the
flowraies were low or if the inlet gos is saturated with methane. Under these
specii.c conditions, Equation (12) does not opply; the tirst term in Equation (14)
becomes negligible compared to the second term , and it can be simplified to

-

_ 618 P [, Y2\
S el ELS LR o
G T2}

— -4

or
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r T
G
2 =
K v (15)
618 P(1 - v
2
, Y2
Now if the fluid velo-ity is relctively high, oy becomes neg'igible and Equation
(15) reduces to 2
2h = -G
2 618P

These particular conditions are satisfied Ly the recent data of S:mdets,“3 wno studied
the corrosion of a single graphite sphere. The valuesof 2 k2 calcuiated by Equation
(15) for this set of data are compared in Figure 6 with those computed from data
taron at high pressures (Figure 4). Bxcellent ogreement is evident.

The data cf Gulbransen et.al. 2 were also teken under these general con-
ditions. However, as it wes pointed out earlier, complicating side rec.ctions
occurs ¢ in the test system used. Nevertheless their results were calculated
according to Equation (15) and are also shown in Figure 6 for a qualitative com=
pariscn. Note that the side reactions are expected to produce CO and CO2 among
other products. Since these reactions corrode grophite i. adaition to the hydro-
genation reactions, the overall weight loss would be greater than that due to hydro~
gen corrosion alone; hence, as onticipated, the colculated apporent reaction veloc, y
constants are greater than the actual values of k2. That this is true is evident from
Figure 6. The somewhat differentsiopes observed may be attributed to the fact
that the activation energies for the oxidation reactionrs are different than those

of the hydrogenation reactio:s.

Atomic EnergylAct 4954 18
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it is evident from the sigrificant correlations obtoined in Figures 4, 5 and 6
that the first order rate equations postulated are applicable ard the scme octivation
encrgi=s hola for the following types of graphite: AUC, ATJ, H4LM, SPK, LDz-
fuel »d and unfueled grophites. In view of this fact and that the data for fueled
gmphites were taken at considerably lower temperatures, the reaction velocity con-
stants for the methane reaction can be extrapclated with confidence to lower tem-
peratures by the use of the Arhenius relationship and an activation energy of 29. 4

kcal/gm-mole.

Since the pseudo reaction velocity co.stants were calculoted from wol! re~-
gression data, the apparent frequency factors may not be those for the reactio: velocity
constants of the chemical reactions. To determine the true frequency factors, the

effects of erosion and surface effects on overall corrosion must be evaluated.

In general, erosion is expected to be a function of the fluid velocity, surface
conditicns, and the amount of non-reactive materials present in the graphite. The
effects of these foctors shall be anclyzed.

EFFECT OF PHYSICAL AND CHEMICAL EROSION ON OVERALL CORROSION OF
GRAPHITE

Effect of Fuel Loading on Corrosion

The effect of the preserce of non-reactive materials on the overall corrosion
of graphite appears during the corrosion of fueled materials. A comparison of the
K wvolues (Figure 5) for fueled and unfueled graphites clearly showed that the
activation energy is the same for both, but the frequency foctor increases with
increasing fuel lcading. This is not surprising, because the presence of non-reacting
(with hydrogen) uranium fuel particles contributes to the overal! loss of material.
Sinc2 the K wvalues were calculated from wall regression dcta, it follows that these

should give higher vaiues than those of unfi-~led grophite,
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In the absence of flow, the contribution of fuel ioading to overai! wall e~

gression can be evaluated as follows:

Let £ be the fuel loading in gm of fuel per cc of fueled graphite, P the
specific gravity of the graphite matrix, s the specific .» - *v of the fuel compound,
then in one cc of the fueled graphite, there is 2 gm of fuel, ond e - l/s)
gm of graphite. It foilows that if P (1 - l/s) gm of graphite is removed by chemical
corrosion, £ gm of material would be removed by erosion. The ratio of weight
eroded to weight chemicolly corroded shall be denoted by g. This ratio is a function
of the fuel looding as given by the relationship

0

X .

It becomes apporent that from the stondpoint of physical erosion alone, fueled grophite
would have o highe. corrosion rate thon thot of the unfueled.

The dato shown in Figures 4 and S were taken with mass velocities ronging
from . 07 to . 80, yet there is no aopraciut!e scatter among the dato for unfueled
graphite. Moreover, Gulbranson observed no signiticant difference in corrosion
between flow and static systems. Consequently, it may be concluded that in the
range of flowrates of interest in the NERVA reactor, erosion of unfueled grophite has
no significant effect on the overall corrosion. Thus, the straight lines drown through
the data in Figures 3 and 4 represer.t the average reaction velccity constants obtained
from the dota.

In the cose of fueled graphite, it shall be postuloted that the locol rate of

erosion is proportional to the local rate of corrosion, fuel loading, and mass velocity.

21
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- 1
r—oGgrc (17)

But the tcia! rote of corrosion is the sum of chemical cormosion ond erosion

-
"

T rc+ (:lpGrc

=rc(|+ ag G) ('8
or
Y. r.
J .7 = 1+ag G (19)
 § "c

From corrosion dako obtained near the entrance of UC2- fueled, but uncoated fuel
element coolont channels, a was determined to be 47.5 (g =.214, G =.295).

Hence,

k
k

<

n
= — = | +47.,5 BG (20)
Te

where G is given in lb/inz-sec.

The dato obtained by Landahl on lDz-fueled gropt.ite coupons could not
be used o colculate the constont, a, because the cross-sectiona! arec of the

gropnita duct 1. which the coupons were held is unknown.

In view of the fact thot very limited doto were available for the determination
of the constant, a, b;uation (20 must not be used for extrapolation to flowrates and
fuel loodings considerably beyond those studied.
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From the preceding analyses, the following important observations may be
made:

1) Neglecting erosion effects, the corrosion behavior of all grephite materials

(with the exception of pyrogrophite) oppears to be the same,

2 Erosion does not have a significont effect on the corrosion of unfueled
graphite.

3) Erosion has on appreciable effect on the corrosion of fueled graphite; the

overall corrosion incren:.ng with increasing fuel ioading.

4) The methane reaction has an activation energy of 27, 2 kcal/gm-mole.
5) The acetylene reaction has an octivation energy of 48, 9 kcal /gm-mole.
Corvosion of Pyrographite

The pyrographite data presented in Figure 4 was bused on corrosion in the direction

nomal to the basal plane, "C*" direction. The unique structure of pyrolytic graphite
is well known. If it is considered that the first in a series of steps leading to hydro-
genution of grophite occurs as an attack on the exposed edges of the graphite lottice
(os proposed by Zielke and Gorin), then it may be expected that for the corrosion of
pyrolytic grophite, this first step, rather thon a surface reaction step, is rate con-
tiolling. This is due to the foct that the densely pack=d crystallites in pyrolytic
graphite present a minimum of exposed lottice edges. However, if hydrogen flow is
parallel to the susface, or if surfoce defects exist, the immellar structure may present
as many exposed lattice edges per unit gross surface area cs ordinory graphite. This
seems to be suggested by the jact that at relatively low lemperatures, the apparent
reaction velocity constants (K) calculated are significantly lower than those of the
other graphites (see Figure 4). However, ot higher temperatures, the K wvalues are

the some as those for nomal grophites. It may be assumed that at higher temperatures
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the surface is attacked more readily, thus exposing subsequent layers and larger sur-
face areas. Moreover, hydrogen may flow between the layers, thus increasing the
effective reaction surface areos. The data available are inadequate for the deter-
mination of the specific reaction velocity constants. However, those presented

in Figure 4 suggest that at temperatures greater than 4000°R, the reaction velocity

constant equation for normal graphites may be used for pyrolytic graphite also.

HYDRCGEN CORROSION OF GRAPHITE COMPONENTS

As independent and critical checks on the validity of the rate equations developed
and the reaction velocity correlations, the local corrosion rates and/or the overall weight
losses were predicted from known geometries, flowrates, temperature and pressure distributions
for those sets of component test data that include these information. These data are described
in detail below.

Unfueled Elements

A number of experimental tests were carried out at LASL on approximately
12-inch long, unloaded elements in an attempt to study the effect of pressures and
flowrates on the corrosion of graphite. The data are reproduced in Table Il. These
tests were carried out under isothemal conditions, and the gas was preheated by
passing through an electrically-heated, cooted element mounted upstream of the test
piece. Post test examination of the test specimens showed fairly uniform corrosion
both axially and among the 19-holes. This essentiolly verified the existence of
isothermal conditions. The solution of the flow reactor equation is given in Appendix
Il. The flow equation was first integrated to gi : the axial distribution of the hydro-
carbon concentrations. From this, the local graphite wall regression distribution was
caiculated. Finally, this was integrated to give the total weight change for the test
piece. The calculated weight losses are compared with the observed values in

Figure 7. It is apparent that the calculated values are on the average lower than

- . A l----A.@%
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Figure 7

Comparison of Observed and Calculated Overall Weight Loss -
19-Hole Uncoated and Unfueled Elements
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those observed. The average deviation is 12, 5%. The lower colculated corrosion
weight loss is probably due to the fact that erosion effects had been neglected.
Consequently, th.e agreement between observed and colculated data can be con-
sidered to be fairly good. In view of the fact that the dota were taken over o wide
range of pressures (300-1000 psia), this provides further evidence on the validity of
the first order rate equations postulated.

AUC - Graphite Annulus

Hydrogen corrosion in cracks, gaps, and slots had been studied by Landahl ;5

however, only one complete set of data was 1aken. The study was carried out in a
60-inch long graphite annulus (AUC graphite) with on . D. of 1. 125-inches and an
annular gop of . 01-inches. The local temperature and the wall regression were

experimentally measured and the data are given in Table II.

With the known geometry, flowrate, upstream pressure, and the temperature
distribution, the pressure distribution was firit calculated. A step-wice intearation
of the flow equation was then carried out to calculate the locol dynamic methene
and acetylene concentrations. The procedures are discussed ‘n Appendix Ill. Finally,

the local corrosion rotes were calculoted from the equation

dr _ 618P | { Yl) ( Yo v
T =207 k. (1- + 2k, [V - ——p ! (21)
dt TG !.l K] 2 K2

The calculoted local corrosion rates are compared with the observed volues in Figure
8. The excellent agreement between observed and calculated local corrosion rotes
provide further evidence on the validity of the rate equations postuloted and the

reaction velocity constants used.



CONFIDENTIAL

DAIA

[ l’ﬂ'-‘m -~

TEMPERATURE, °R

Astronuclear
Laboratory

WANL-TME-1151

o FT

50

45

>~ CALCULATED

EXPERIMENTAL .. ]

40

35

30

a]
o 4 ~
T8 i
T ﬂi\* ' ! :
- “$ l : 4 i o
: ; ! i i o~
e d N BT i N
RiE ) i !
. SN— :
) ! 2\ :
o 1 % T i
. : (o] : .
o i ay ! |
e : i | :
B3 --!- ] H I
i

o
-

Q
~

20

NIW STUHW ‘ILvy NOISO¥IOD TvOOl

figure 8

Comparison of Colculoted and Experimental
Local Corrosion Rates AUC Graphite Annulus = . 010 Inch Gap

AR ALFIMFALTI 4 ]

W TYTTWETV IV, ver -

T mmmmioTrEN
K r rrsveovyew

Anssiadncspwhet = 1 9bdn,.

27

DISTANCE FROM THE COLD END, INCHES



TIAL ™

A AR T Lavoratony
e la Lmaame. Asp ‘054 r'
S WANL-TME-1151

Uncoated Coolant Chonnelf_

During environmental testing of NRX~A2 fyel elements, it was found that
one element had two coolant channels that were predominantly uncoated. Channel
3 was found to be uncouted up to opproximately 42-inches and Channel 1 was un-
coated up to 34-inches. The local corrosion rates were measured and the results

are given in Table llIl. The total meosured weight loss for the eiement was 30. 7 gm.

Since the temperature, pressure, and flow distributions for this test con be
readily calculated, this data can provide an excellent check on the validity of the

rate equations proposed and the correlations for the reaction velocity conitonts.

Details on the computational grocedure are given in Appendix IV, The cal-
culated local corrosion rates are compared with the observed values in Figure 9,
The calculations were bosed on average flowrates and averoge material temperatures
(between the maximum intemal and the surface temperatures). The pressure and

temperature distributions used are glven in Appendix IV.

it is evident from Figure 9 that there is good agreement between ine observed
and calculated corrosion rates. An integration of the local corrosion along the coolant
chanrels gave a total weight loss of 33. 0 gm, which is also in good agreement with
the experimental vaiue >f 30,7 gn. The somewhat higher calculated value may be
due to the uncertainty of the exact lengths of the uncoated portions of the coolant

channels.

Center Hex Corrosion

During the environmental testing of a single cluster in the A=10 fumace,
. 7 . .
severe corrosion was observed on the center hex. - Corrosion occurred on the graphite
surface, focing the Berlox insulator sleeve. The grophite surface was exposed to

hydrogen flowing axially down the annulus. Local corrosion measurements gave a

28
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regression profile which showed = gradual increose to a maximum at 22-inches from
the inlet and then decreosed rapidly with increasing disiance. Altnough the flowrote
is unknown, iimited temperature measurements were made with thermal copsules at

a positior. shown in Figure 10,

Near the inlet, the methane concentration must be negligible. Since the
inlet pressure is known and it did not decrease appreciably for short distances, the
graphite wall temperatures were calcuioted from the local corrosion measurements

by #e equation

618 k] P
e mils per minute (22)
G
where k ) is a function of the wall terperature. For a good approximation, it was

assumed that TG = Tw and the wall temperatures were determined from the relotion-

ship
k] .
T~ T8P (23)

The temperature measurements and calculated valuzs are compared in Figure
10. It is evident thot the colculated volues are consistently higher than those ob-
served, but it s xnown that the temperatures at the corroding surfaces are higher
than those at which they were measured. This suggests that the thermal capsule
temperature me surements were fairly accurate. Thus, using the themmal capsule
tempergture meosurements os a guide, the complete temperature distribution was

estimated as shown,

if both the temperature and pressure distributions are fixed, only one flow-
rate con give the particular corrosion distributicn observed. Consequently, the

flowrate thraegh the annulus was detemined by a trial and error procedure.

ct - 1954 30
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The single cluster wos operated at near maximum temperature, for a period
of 35 minutes. During this period, the pressure drop decreased frora 55 to 20 psi,
ond the total hydrogen flowrate varied from 150 to 212 scfm. For the purpose of
the following calculations, an average pressure drop was assv.ned. The calculations

were carried out as follows:

1) assume a flowrate.
2) calculate the pressure distribution.
J) calculate the corrosion distribution. If the results ogree with that observed,

then the assumed flowrate is correci. If it is not, repeat Steps 1 - 3.

Since the wali regression is small compared o the diameter, a constant perimeter wos
assumed for the calculations. The results for two different fluwrates are compared
with the observed local corrosions in Figure 11. It is evident from this figure that a
flowrate of 1,272 x 1074 Ib/sec (1. 38 scfm) through the annulus gives very good
agreement between observed and calculated corrosion distributions. The somewhat
lower calculated values at the 21 to 25~inch location may be due to errors in the

temperatures estimated for this region.

DISCUSSIONS

Corrosion Meosurements as Aid to Analysis

From the exomples given on the analysis of corrosion, it has been shown that,
given the correct rate equations and reaction velocity constants, local corrosion in

a flow system is o function of
1) the temperature distribution,
2) the pressure distribution,

J) flowrate,
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4) reaction surface area distribution, and

5) initial and/or boundary hydrocarbon product concentrations (in the case of
fresh hydrogen flow through a tube or annulus, the product concentrations

at the entranc2 are zero).

It has been demanstrated that, given the above information, local corrosion
can be predicted. It has been shown further that if local corrosion measurements
are cvailable, any of the five (5) variables con be determined from the corrosion
data and the other four (4) known variables. This is demonstrated by the following

example.

In the corrosion of the graphite annulus, temperature data were available only
up to 45. 5-inches from the inlet, whereas lozal corrosicn rates were meosured up to
56-inches. In view of the excellent agreement between observed and calculated
corrosion rates, the local temperatures beyond 45. 5-inches con be determined by
extrapolation with the aid of local exper'mental corrosion data. The results ore
shown on Figure 8. [t is suggested that local corrosion measurements con provide
on additional means of tempercture determination in NERVA test reactofs or component
tests, particularly in high temperoture regions where available instrumentation are

inadequate and unreliable.

Mechanisms of Hydrogenation Reactions

The volidity of the first order rate equations for both methane and ozetylene
formations has been well substoniiated from experimenta! date. However, detuiled
mechanisms ca also be derived to show the first order dependence of the rate
equation. For the methane reaction, both Hedden and Zielke and Gorin postulated

surface reaction mechanisms from which a first order rate equation con be derived.
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For the ocetylene formation, it is postulated that the reaction consists of the
following steps:

)=
X

v '
a) -C=C-+H,=——HC=

. He-e,.,[.}.cu-..c

Step (b) is o surfoce reorrangement step ond is ervected to be rate~controlling.
The first step s assumed ropid; hence, the concentration of C H con be assumed to
be at its equilibrium volue. The resulting rate equation is then

‘ "CyH, Ccz H,
C, - (24)
2

ar— - kK C, K,

where Co' the initial concentration of active sites, is proportional to the gross
surfoce area, S. A derivation of Equation (24) is given in Appendix V. Lumping

al! the constants into one yields

dncz”z Ccz”z
—3ar kZS ST K (25)

‘2
which is identical to Equation (7).

It has been shown that the mechanisms of methane and acetylene reactions

may be attributed to rote controlling steps that follow the same initial step in which
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a single corbon bond is hydrogenated. Since this first step s fast and methane ond
acetylene ore formed by succeeding porollel steps, the odditive contribution of the
reactions to the corrosion of grophite is therefore valid. This con be summorized

by the following steps:

C,H

./(29)

C—>CcC

©) 6 e

2

Ct =/ = CH

{s) (9)4

Both acetylene and methone formations are functions of the surfoce complex C,*
which is in tum o function of the gross surface area.

It must be pointed out that the effects of chemical reaction and erosion were
deduced from overall graphite surface regression data. It is obvious that for o more
rigorous study on the kinetics of the chemical reactions, the effects of chemical
reaction ond erosion must be studied separately, ond instantaneous reaction dota
would be required. However, in view of the foct tha! the eff. ctive gross reacting
surface area may vary from material to material and that it cannot be meosured or

rigorously defined, such on approach will prove most difficult.

It is important to note that following Hedden, the basic rate aguaiions were
written in terms of concentrations. It is equally pemnissible to write the rotes of

methane and acetylene formations in terms of portial pressures, i. e.

dnCH

4 e H4
‘T_:kls(PHZ’TP“ (26)
P H2
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From which one con obtain the simplified equotion

dncy . YCH,

—_ =k SP | 1- X (27)

b 4

Note that the generol form of the rate equation is retained, but the denominator now
does not heve o temperature.  Consequentiy, the calculated reoction velocity con-
stonts would give different values ond different units. Either Equation (25) or (26)
could have been used, and the first was chosen merely becouse the resulting reaction
velocity constant gives units in terms of inches per second, which is analogous, but
by no means equal, to the rote of surfoce regression.

The detailed mechanisms postulated here were based on the assumption thot
surfoce reaction is rate-controlling. This was generally assumed by all previous
investigotors. 1.2,3,4
corrosion is based on the gross extemal surfoce area con be seen as follows: Grophite

That this mechonism is consistent with the assumption that

is known to be a relatively porous material, possessing large pore surfoce areas.
However, if the rate of pore diffusion is significontly slower thon the rate of surface
reaction, then the gas within the pores would be saturated with hydrocarbons; con-
sequently, no significant reactions con toke place in the pores. The hydrogen-
grophite reaction continuously removes the solid material, thus exposing fresh surfoce

active sites. This phenomenon suggests that

1) the rate of surface reaction is slower than the rate of pore diffusion, c~d
2) the total surface active sites available for reaction, hence the gross ex-

temal surface arec, is approximately o constant.
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These phenomena have been well substantiated by the successful correlation
of the data. The intemal pore surfoce areos are known to be mony times greater thon
the gross external surface areos. Moreover, they vary with the densit and porosity
of the graphite material. Hence, if the rote of hydrogen-graphite reoction is con-
trolled by pore diffusion, a significont correlation could not hove been obtained
omong the different grophite moterials.

Rotes of Bulk Diffusion ond Pore Diffusion

Most of the data treated here were taken at relatively high flowrates where
the resistonce to turbulent moss transfer is negligible. However, in many practicol
situations such as occurs during interstitial flow in the NERVA reactor, hydrogen
flow is essentially lominar. In this case, it is necessary to know whether surface
reaction is still rate-controlling or whether the resistonce to diffusion has increased
appreciably so that the surface rate~controiling mechonism becomes invalid. A
detailed analysis of the diffusion phenomenon is ‘reated in Appendix VI. A com-
porison of calculoted rates of diffusion versus the apparent raotes of reaction shows
that the rate of bulk diffusion is thousands of times greater thor the opparent rote of
reaction and the rote of Knudsen diffusion is hundreds of times greater than the
apparent rate of reaction. These facts provide further evidence that surface reoction

is the rate controlling process.

It should be pointed out here that since surface reaction is rate-controlling
and resistance to mass transfer is negligible, the surface temperature may be used
instead of the bulk temperature throughout the rate equations.

Carbon Deposition

As discussed in the Appendix, a straight-forward step-wise integration pro-

cedure was wsed to calculate locol methane and acetylene concentrations and then
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the locol corrosion rates. Although this procedure has been useful for the conditions
calculated, it con be readily shown that this does not permit the prediction of corbon
deposition, i. e, the revers. reaction. To compensate for this deficiency, it is only
necessary to check the local ratio of mole fraction methane to the equilibrium con-
stont, y, /Kl' When this volue approaches one, then an iteration procedure con be
used to calculate the local methane concentrations. Consequentiy, for general

purpose calculotions, a computer solution is recommended.

For the acetylene reaction, y2/K2 is generally less than one. This indicates
that carbon deposition does not occur in the acetylene recction. This fact clearly
suggests that corrosion due to the acetylene reaction is potentially more serious if

the reoctor attoins temperatures greater than those encountered ot the present.

Eftect of Rodiation

Comey ond 'ﬂnomcs" studied the efrects of pile rodiation on the reaction
between hydrogen and graphite. The results show that ot a pressure of 30 psic ond
a temperature of 1360°R, the rate of reaction forming methane is 10 times greoter
with radiation than without, but ot 1540°R, it is only 4. 4 times greoter. The trend
suggests that at the considerably higher temperatures encountered in the reactor,
radiation moy have o negligible effect on the rate of corrosion. This seems to be

bome out by limited doto obtained at higher temperatures by LASL. 12

Heots of Reaction

itis kr\own'4 that methane ond acetylene formations are exothermic
reactions, giving 32,200 BTU/lb-mole CH,, and 54,000 BTU/lb-mole CoHye In
the experimental studies anclyzed here, fhe temperatures were controlled, ond the
hydrogen flowrates were lorge. For these conditions, the heat of reaction can be

neglected. However, it is conceivable that the heat of reaction may be important
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under special conditions in which the heat input is held constant and corrosion is
significart. If such a situation arises, the heats of reaction must be included in the
onalysis.
Maximum Locol Rate of Corrosion

The general equation for the local rate of corrosion is given by Equation 14.

In mony cases of peactical interest, the local methane ond acetylene concentrations
are negligible and/or the ratios YI/KI ond yz/l(2 in Bquation 14 are negligible com-
pared to one. This implies that the reverse reactions are negligible. In these in-
stances, the local rate of corrosion opprooch the maximum theoreticol volue given
by the generol equation

i =g¥;_(l+47.spe)|<9 mils

where g is a function of the fuel loading as given by Equation 16, G is the mass
velocity in Ib/ inz-sec, and K is defined by Equation 12,

Typical coses where maximum corrosion rate is approached are the fol-
lowing:

1) Flow inlet ragions

2) Fuel element coolont channels where cracks in the niobium carbide
coating exist. Such instances, resulting from therma! stresses, coused o number of
auorted tests during fuel element testing in the A-2 fumace.

K} Core peripheral corrosion near the hot end, where ocer/lere defi-
cient hydrogen comes into confact with hot surfaces.

4) Any location where smal! areos of grophite ore exposed to 4la-
tively large omounts of fresh hy-.rogen.

An onolysis of specific cases will be presented in o later report,
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Recommended Experimental Studies

From the experimente! data obtained at LASL on lDz-fueled graphite cou-
pone, it was shown that the omount of fuel looding has o significont effect on the
erosion of the materiol. However, NERVA fuel elements are currently mode with
Uuc,
material is not ovailable. It is opparent that such dato are urgently needed. It is
suggested thaot do*a con be reodily obtoined by mounting uncoated fuel element

fuel beads, and well-controlled experimental corrosion dota on the latter

sections in the support block holder of the A-2 fumace.
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CONCLUSIONS

From the results of this study, it may be concluded that within the range of temper-
otures and pressures of concem in the NERVA reactor, both methane and acetylene formations
are important reactions contributing to the overall corrosion of graphite. The methane and
acetylene reactions can be simply represented by first order rate equations that arr pro-
portional o the gross exposed surface area. The activation energy for the methane reaction
is 7.2 keal per gm-mole and that for the acetylene reaction is 48,9 kcal per gm-mole.

The specific reaction velacity constants con be given by the equations:

ky = 8. 975 exp (-48,900/RT) in/sec (28)
aond

k. = 574 exp (-88,000/RT) in/sec (29)
where: R=1.9872, and T is in degrees Rankine,

The equations are specifically applicable to ATJ, H4LM, AUC, SPK, and unfueled
graphites. For other types of graphite, such as ZTA and Graphitite "G", the same equations
are expected to apply, but experimental data should first be obtained before the equutions
con be used with full confidence on these latter materials. For L|C2-fue|ed graphite ele-
ments, the frequency factors in Equations (28) and (29) should be multiplied by

1+47.55G (30)

where G is the mass velocity in Ib/inz-sec, and

L
B—m—'zm
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is the JC2 fuel loading in gm/cc, s is the specific graviry of the fuel, cnd r is the

specific gravity of the graphite matrix.

It must be cautioned that in view of the paucity of data on the corrosion of uncoated,
UC2-fueled graphite, Equation (28) must not be axtrapolated to mass velocities oppreciably
beyond that for which data \sere available, i.e. .295 Ib/inz-sec. Aaditional data is
required to determine the exact nature of erosion and the effect of fuel lo.ding on this

phenomenon.

The data correlatea in this study were obtained over pressures ranging from . 0016
to 1100 psia and at temperatures ranging from 1800°R to 6450°R. Since the correlations
obtained covered a variety of graphite materials, the first order rate equations proposed
here and the reaction velocity constants developed may be used with confide~~e for the

prediction and analysis of corrosion on graphite materials and reactor components.

The results from the analysis on the rates of bulk and pore diffusion leaves '**tle

doubt that surface recction is the rate~controlling mechanism.

Due to the onistropic nature of pyrographite, the mechanisms of corrosion of th.s
material appears to be quite complex and it is not well understood. Further research is
necessary in order to ascertain the differences in corrcsion rates between "a® and "c"

planes.
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NOMENCLATURE
a a propurtionality constont
b a proportionality constant
C concentrar'on or Corrosion perimeter
G mass velocity
AH activation energy in Arhenius relationship, consistent units
k forward reaction velocity constont
k* reverse reaction velocity constont
K equilibrium constont or pseudo reaction velocity constant
V4 fuel looding, grams fuel per cc fueled grophite
n number of moies of c component
N total molar flowrate, Ib-moles/second
P local pressure
r rate of hydrocarbon formation, or surface regression
R gas constant in consistent unifts
s specific gravity of the uronium fuel compound, gm/cc
S gross reactive surfoce areo
t corrosion time, seconds
T temperature
w weight
Y mole fraction
3 axial distance along a fiow channel
Subscripts
C carbon or chemical
CH 4 methone
C2 H2 acetylene
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-

e erosion

G gas

H2 hydrogen

i ith reaction

T total

0 surface octive sites
methane reoction

2 acetylene reaction

Greek Letters

a proportionality constont
8 dimensionless fuel loading factor
Y frequency factor in Arhenius relationship

specific gravity, gm/cc

total corrosion time
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APPENDIX 1|

Simplifying the Rate Equations

By assuming ideal gas behavior, the rate equations con be written in terms of mole

fractions and the total pressure and bulk gas temperatures as follows:*

dn

y
CH4=k‘SP oy CH4 -
dt RTG CH, KI‘I'YCHA
and
"C,H, k,SP e H
22 _ 2 ( T-y __ 272 @
dt R TG C2 |"|2 l(2
For the conditions at which available experimental dota were token, the equilibrium mole
fractions of methane and acetylene are small compared to 1 and Equations (1) and (2) can
be simplified to give
d%H, Kk sP YeH
4 _ 1 1- 4 (3)
dt R TG K]

*Since the first order rate equation can be attributed to either an adsorption or surface
reaction mechanisn-, this implies that mass transfer from the bulk phase to the gas-solid
interface is ropid; whence the interfacial concentrotions are equal to the bulk concen-

trotions.
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doc W, k. SP YC, H
272 _ 2 2 2
dt R @
RTG 2

In oddition, if the graphite somples or the reaction surfoces are small, or if the hydrogen
velocity (in a flow reaction svstem) is high, the mole fractions of the hydrocarbons are
small and the ratio y /K can be neglected; whence, the rate equations con be further sim-
plified 10

v T RTC )

and

dn
C2 H2 k., SP

— £ < - (6)
dt R TG
If the two reactions are linearly independent, the rate of graphite corrosion in mils per
minute, r, can be given as
r:61!89 k]+2k2 - 6}8KP v
G G
where
rT
_ _ G
K=ky*2ky = 5P ®)

con be considered an overall, pseudo reaction velocity constant.
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APPENDIX 1l

Isotherma! Corrosiaon for Short Comrosion Times

The general flow reactor equation, obtained from a mass balance of carbon in the
gaseous phose con be written in the form

(r' + r2) dx = dN (y] + y2) (1)

where " is the rate cf methane fcrmation

2
yyondy, are the mole fractions methane ond acetylene, respectively.

r., is the rate of acetylene formation

in general, Yy and y, are small compared to 1, and the total molar flowrate, N, can be
assumed to be a constont. Equation (1) can be reduced to two equations:

o dx = Nd)r.I (2)
and rpdx = Ndy, (3
but k, PC Yy
i T‘:‘r - (" 'T<']‘) @
G 1
o . o (1-Y2) 5)
2 RT K,

where C is the corroding perimeter.
Substituting into (2) and (3), we have
kl pC (] Yy

—{1-—=) dx = Ndy 6)
RTG K]) i
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The local rote of surfoce regression, neglecting erosion effects, can be given by the equa‘ion

dr  aP ( YI) ( ”2)
er . k,[1- 0—) + 2k, | 1- == (12)
ar RIS | K, 2 KZJ

where r is the surface regression in mils, and a is a proportionality constant. At steady-
state, the term on the right is a constant if surface regression is small compared to the dia-
meter of the flow channel (this implicitly assumes that the corroding perimeter is a constant).
This is true for the cose of short reaction times. Thus Equation (12) can be integrated to

give the total local wall regression after time At

ar=2F 1y (1-_)+ 2k, |1- | A (13)
A LR z\ ol
or
k CPX ky CPX
- ! - RT-N TR RT-WN
A-=,§Z,‘—k 17767 +21e S27 60 |
s

Finally, to calculate the overall weight loss of graphite, Equation (13) must be integroted

along the flow channel

L L k]CPX k CcPX
- a' P TK, RTAN KRT N
AW1‘B ArdZ = -R-r- At (k]e 176G f2k2e 2°G )
0 0
which gives .
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and
k2 PC ( 2
_RT_G_ ] - K—z_ dx = N d Y2 (7)

In the case of isothermal reaction, T is a constant along the flow channel; hence, K2 ond
K are also constant. In addition, if the pressure does not vary appreciably, Equation (6)
can be integrated directly by rewriting them in the form of

x i
k] PC d 2
— dx = (8)
K] NR TG K] -7
0 0
Similarly,
x Yo
k., PC dy
N 2N RT dx = K = ©)
2 G 2772
0 0

From which one obtains the following for the local concentrations of methane and acetylene:

I-T(-=e 1 G (]0)

and

-k
A1 d
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k' PCL kzPCL
AW =aN A [K'(l -e KIRTGN)+2K2(l-e K2RIGN)‘] (14)

Using the consistent units indicated in the nomencloture, giving Wt in groms, the constant
a should be equal to 3. 26 x 105. Equation (14) was wed to calculate the weight loss of
approximately 12-inches long, unfueled, 19-hole elements. The experimental flowrates
ond pressures and other conditions are given in Table I. Since the corrosion time waos only
one minute and the mauterial temperature was constant at 3730°R, the assumptions used in
the derivation of Equation (14) are valid in this case. For this particular test, the gas waos

preheated to 3732°R before entering the test element; hence, the gos and surface temperatures

are equal.
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APPENDIX il

Non-Isothema! Corrosion With Constont Conoding Perimeters

The flow reaction equations for methone and acetylene are ogain given here

k‘PC "
1
aond
kzPC 2
__RT; l-?;)dx = Ndy2 (2)

In a long flow channel in which the temperoture is a function of the axiol position x,
Equotions (1) and (2) cannot be integroted over long distances. However, by toking small
finite increments constant temperature and pressure con be assumed for that increment,

and a step-wise integration can be carried out to calculate the locol methane and ocetylene

concentrations. This gives the results

k‘CPAX
y y -
(1-?'-) =(1--E'-) e KRIGN (3)
| \
n+1 n
and
k, SPAX
Yo\ y TR R
(-_2.) =(1-..l) e FoRTGN (4)
K K
2 2
n+ 1l n
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where n denoies the 7th increment taken with incremental length AX, Note that ot
n=0, 2 and y are zeros and the methane and acetylene concentrations for subsequent
intervals con be readily calculated. The local surfoce regression rate is than calculated

from the equation

dr _aP ( Yl) ( Yz)
_-—= ky{Vee— |+ 2k {1 =0 (5)
dt RIG 1 K] 2 K2

For the graphite annulus, corrosion occurred on both surfaces of the annulus; zonsequently,
the corroding perimeter remains ~ constant, and Equatiun (5) holds for all corrosion times.
For the small annular flow passage, the gas temperature was again assumed to be equal to

the corroding surface temperature.
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APPENDIX IV

Non- 'sothemal Corrosion and Varying Corroding Perimeter

In the corrosion of uncoated coolant channels, the depth of corrosion relative to
the channel Ciameter is not negligible and the - roding perimeter varies with time. Since
the nbseivad local surface regression represents an oversll value while the ¢'~ srved rates of
corrosion are average values, Equations (4) and (5) in Appendix ill must be solved for small
time incremenis, The calculated cumulative regression divided by the total corrosion time
is then the average rate of corrosion, Letting the subscript i denote the ith increment
in axiol length ond | the jth time increment, then the solution for the local methane and

acetylene concentrations aore

k] SLPAX
" _ 4 T TKRT-N
[ =[1-—— e 1 )
= Ky
it i
and
k CiPAX
M y T TR TN
(1-?—?—) =§"'|E‘%) e 2RTgN @)
2 2
i+t1,i i, ]
The corresponding rate of surface regression is then
dry aP 4 Y2)
= kyf V= — +2k, {1 = — (3)
(~‘“’.. R '( “ ) 2( K2/
I-' l,l I,|
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where i =1,2, —— L/AX
i = L2 -~V
L = total length of the chonnel
T = total corrosion time

Equation (3) was wsed to onalyze the corrosion of uncoated coolent channels.
Caolculated surfoce {material) ond gas temperature distributions and pressure disiributions

were ed.
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APPENDIX V

Mechonism of Hydrogenation Re.ctions

The for.nation of acetylene by the reaction of hydrogen with grophite con be assumed
1o follow the following steps:

1) Adsorption of hydrogen on surface active sites:

H H
vk o
H2+-C-C--—-*‘T,_-C-C— m

2 Surface rearrangement (reaction) step:

o o

H
_<‘;=é--—x,k2_c H @

k2‘ 22

If it is postulated that that surfoce re:ﬁtiot}l'step is rate-controlling, then the first

] !
step is rapid ond the surfoce concentration — C = C — is merely the equilibrium concen-
trotion:

C =K (C 3
C2H2 o( VPHZ) eq. @)

where Ko is the equilibiium constant for the adsorption step, Cv is the concentration of

vacont sites, and P is the partial pressure of hydrogen. The rate of acetylene formation

is then 2

dnc H

22 _ .
a7 %2 Cc. . “*2 Pc_H )

“GONHOENTIAL-
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But the equilibrium constant of the second step is given by

P
2 [ 9 -
2 t;- EC2H2 ’

eq.
Whence Iquation (4) con be written in the form
dn P
C,H C,H
22 2 2
dt ~k2'(0(:v (pH TTX ) ©
eq.\ 2 Py
where
P,
C,H
< =( 22) -
Pz PH
2 /eq.

Equation (6) con also be written in terms of concentrations, giving

d

n C
C.H C.H
272 272
T - %S \Shox ®
eg. 2 C2H2

Now if the equi ‘brium concentration of surface active sites covered is negligible compared
to the available active sitss, then

(9)
eg. 22 °

ANl T
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The initial concentration, Co' is proportional to the gross surfoce areo:
Co =a$ (1)
Substituting (9) and (10) into Equation (8) yields
dn C
C,H
22 —ak,K, s( Kczuz) )
"2 Fopm,
Lumping all the constonts into one, k, yields
dn C
H H
_i%—ll:ks(cﬂ - ch 2) (12)
2 H
QM

Following this approach, the rate equotion for methane formation <o atsc be
derived.

— = e - . A
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APPENDIX VI

Rates of Diffusion and Corrosion

The mass tronsfer mechonisms which may conceivobly control the rote of corrosion
cre, 1) diffusion of hydrogen from the bulk stream to the solid—vopor interfoce, 2) diffusion
through the pores, 3) diffusion of reaction products out of the pores, and 4) diffusion of
products from the vapor=solid interface to the bulk streom. To compare the rates uf diffusion
ond apparent rates of corrosion, the bulk and pore diffusion of methane shall be calculated
ond compored with the observed overall rote of methone formation.

The rate of methone formation is given previously by the equation

"“CH4 ky P
—a =r’r‘(‘“xf) M

Bulk Diffusion

The rate of bulk methane d:ffusion con be written ia the form

dn
CH4 D P

-— v *
ar " AxRT VY (2

where Dv is the diffusivity, y* is the mole fraction methane at the vapor=solid interface,
y is the mole fraction methane ot o distonce AX from the vopor—solid interface. Assuming
that AX is su -iciently great so that y = 0, Equation (2) reduces to

dn

CH4 DVP
ar - MAXRT Y )
_—n lﬁf.l?l.‘”
G/ IITTEFCYVwrvrsy
— —— RNAX
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Note that if bulk diffusion is assumed rate controlling, then y* should correspond to the
equilibrium mole fraction at the temperature of the vo; ~r-solid interface. This assumption

should also give the min.mum rote of diffusion. Now the maximum rate of methane for-
mation occurs when y/l(l is negligible. In this limit, Equation (1) becomes

dcH, kP

1

a7 - %7 (4)

meB;mions(S)ond(O,itbeoaneevida\nhatitisonlynec&nfyiowreklond
Dvy’

1o determine the relative rotss of diffusion ond surfoce reaction.

A typicol condition under which methane is the primary reaction product is 2500°R
ond 600 psia. For these conditions, k] =, 0006 s—;cl +¥* =.19. Following Bird ef.ol.,‘s
the diﬁuszion coefficient colculoted for these conditions in the binory methane-hydrogen is

200 ;:c . Comparing bulk diffusion and apparent reaction rotes:

Methane Formation: k, = . 0006 Jn
sec

D y* .

Di ffusion: vo -3 in

It con be readily seen that for any reasonable value of AX (given in inches), the rate of
diffusion is significontly greater than the rate of surface reaction. Further, it should be
recolled that the apparent reaction rote calculated is the maximum value! Since diffusion

is more rapid than the apparent rate of reaction, it is obvious that turbulent mass transfer

would be even greater!
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Pore Di:ifusion

If the pore diameter is large compared to the mean free path of the d “fusing mole-
cuies, then the rate of pore diffusion is equal to the rate of bulk diffusion. If the pore
diometer is on the order of the mean free path, then Knudsen diffusion occurs. In graphite
materials, there exists a wide spectrum of pore diometers, covering a range as wide as 15
to 100,000 angstroms. | Nightingale'© showed that for CSF and AGOT type graphites,
the total pore volumes accessible from 15 to 170 A pore diameters is 0. 0021 cm3/g ond
that which is accessible from 2000 to 100,000 A poie diometers is 0. 68 cms/g. Since the
mean free path of hydrogen is 1600 A and that of methane is on the order of 500 A,17 it
becomes evident that bulk diffusion deminates in the pores. Nevertheless, it would be of
interest to compare the rates of bulk diffusion and Knudsen diffusion. The diffusivity for

Knudsen diffusion is given by'a

2

_ 3 IT cm
Dk-9.7x10 vy woc (5)

where M is the molecular weight, ond r is the pore radius. For the some temperature of
2500°R and using a minimum radius of 7. 5 A, the value of Knudsen diffusivity is 0. 0638
inz/sec. Comparing this with the bulk diffusivity shows that the rate of bulk diffusion 1. at
least 32 times greater (if the length of diffusion path, AX, is assumed to be equcl). However,
it is obviows that the rate of Knudsen diffusion is significantly greoter than the apparent rate
of reaction. It may therefore be conzluded that surface reaction is the rate-controlling

mechanism.
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TABLE |

LASL Corrasion Tests on Unloaded, 19-Hole Hexes

Corrosion Time 1 min,
Temperature IB(XJOC, isothemnal tests
Gos preheated to some temperature

"

Wt. Chonge Mass Aowrate Pressure Length
Hement No. gm Ib/hr psig in.
1129A32-97 -4.4 67 560 12-7/16
1129A13-99 -9.3 67 1000 12-7/16
1129A40-97 -7.9 67 1000 12-7/16
1129A2-99 -6.2 125 550 12-7/16
1129A17-99 -4.1 67 300 12-7/16
1231AA-4 -4.5 67 400 12
1231AA-48 -5.3 67 650 12-5/8
1231AA-28 -6.7 125 550 12-5/8
1231AA-28 -60 90 550 12-5/8
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TABLE Il

Corrosion of AUC Annulus
1-1/8 Inch Diameter, . 010 Inch Gap

1.39 x 10-2 Ib/sec

Flowrate =
Upstreom Pressure = 550 psig
Pressure Drop = 420 psi

Total Run Time 2 min. 6 sec.

In. From Inlet T, °R Corrosion, mils

12 0
15 N2
18 6
22.5 4632
24 n
30 26
3 5352
32.5 50.5
34.5 5892
35.5 69
37 80
40 85
42.5 ¥ 5892 85. 25
45 85
48 83
54 76
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TABLE NI
Corrosion of Uncoated Coolont Chonnels
Run 331

Fuel Element AC 89-083%90
Run Time = 5 minutes ot temperature

Total Weight Loss = 30.7 gm Inlet Pressure = 665 psig
Total Flowrate = 4.42 » 10.2 Ib/sec Outlet Pressure = 560 psig
Wall Regression Rate, Mils/Min
X, In. From Cold End 7, °R Channel No. 1 Channel No. 3
10 2600 4,5 3
20 3130 15.5 12.5
30 3650 27.0 38.5
4 4260 4.5
50 4900
52 4650
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TABLE tV
Corrosion of Unlined Support Block* (ATJ Graphite, Sp. Gr. = 1.73)
500 psio
Average Average
T, % Corresion Rate, mg/cmz-min Wall Regression Rate, mils/min
3732 7 .59
4103 14 3.18
4272 22 5.0
4452 30 6.82
4642 40 9.10
4952 50 .37
*Unpublished dato from C. A. Landohl, LASL.
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